Subaerially erupted tholeiites at Hole 642E were never exposed to the high-temperature seawater circulation and al teration conditions that are found at subaqueous ridges. Alteration of Site 642 rocks is therefore the product of the in teraction of rocks and fluids at low temperatures. The alteration mineralogy can thus be used to provide information on the geochemical effects of low temperature circulation of seawater.
INTRODUCTION
The formation and subsequent cooling of ocean crust results in the overprinting of alteration effects of near-ridge, high-tem perature seawater-basalt interactions by long-lived, low-temper ature alteration. Determining the relative importance of high temperature and ongoing, lower temperature effects is necessary if we are to achieve an understanding of the fluxes between ocean crust and seawater, but multiple generations of alteration have made the complexities of varying hydrothermal conditions difficult to unravel.
The early Tertiary tholeiites recovered at Ocean Drilling Pro gram (ODP) Site 642 (Fig. 1) were erupted subaerially (Eldholm, Thiede, Taylor et al., 1987) and had almost certainly cooled to ambient temperatures before foundering. The virtually pristine major and trace element characteristics of most flows (Parson et al., Viereck et al., this volume) suggests that the basalts were lit tle affected by high-temperature seawater-rock interactions. In the tholeiitic section (upper volcanic series Fig. 2 ), vesicles that have remained unfilled by secondary minerals predominate (Ship board Scientific Party, 1987) , suggesting that seawater-rock re actions have been of limited extent during postfoundering his tory, as might be expected under low-temperature conditions.
The virtual isolation of low-temperature alteration in Hole 642E tholeiites can provide a basis for evaluating the impor tance of low-temperature seawater-ocean crust interactions. In this paper we report the results of an Sr isotope and alkali ele ment study of host rocks and secondary minerals from the vol canic section of Hole 642E, and reflect on their implications for the timing of events in the Norwegian-Greenland Sea as well as for the extent of low-temperature seawater/basalt interactions.
BACKGROUND
As Layer 2 ocean crust is formed and cooled, it is subjected to a variety of alteration events. Workers who have studied alter ation assemblages in basalts have proposed highly similar parageneses of secondary minerals (e.g., Bass, 1976; Stakes and Scheidegger, 1981; Staudigel et al., 1981b) . Textural evidence that smectites are the earliest clay minerals to form agrees with experimental results (e.g., Hajash, 1975; Bischoff and Dickson, 1975; Seyfried and Bischoff, 1977; Seyfried and Janecky, 1985) . At least some smectite formation is associated with the circula tion of seawater at elevated temperature, and the fluids involved in the reactions are at relatively low pH and are oxygen-poor. The map is from Mutter et al. (1988) , to which the reader is referred for full discussion of the features shown.
The smectites are major sinks for Fe, Mg, K, Na, and other al kali elements and transition metals. Calcite is generally observed to be a late-forming mineral and has been associated with the incursion of low-temperature, ox idated seawater into basalts, (e.g., Bass, 1976; Lawrence, 1979; Lawrence and Drever, 1981) . Celadonites are also associated with late, low-temperature alteration (e.g., Scheidegger and Stakes, 1980; Stakes and Scheidegger, 1981) .
In Site 642 tholeiites, early formed smectites replace basaltic mesostases and fill vesicles and fractures. Celadonite and calcite are associated, and appear to form at least in part at the expense of smectite. Native copper is often associated with the celadon ite + calcite assemblage (LeHuray, this volume). The observed paragenesis supports the Scheidegger and Stakes (1980) and Stakes and Scheidegger (1981) suggestion that celadonite is a re action product of cold seawater and preexisting smectite, and is similar to that described by Desprairies et al. (1984) in subaerially erupted tholeiites from Deep Sea Drilling Project (DSDP) Hole 553A on the Rockall Plateau (Fig. 1) . The smectite-celadonite reaction is similar to the diagenetic illitization of smec tites observed in sedimentary sequences (Perry and Hower, 1970; Srodon and Eberl, 1984) .
Studies of Rb-Sr systematics of alteration minerals in DSDP basalts have indicated that chemical interaction between seawa ter and basalt ceases 10-15 Ma after crust formation Staudigel, 1978, 1979; Richardson et al., 1980; Staudigel and Hart, 1985) . Similarly, Staudigel et al. (1986) found that Rb-Sr and K-Ar ages of celadonites from the Troodos complex formed 7-15 Ma after the cessation of Troodos volcanism. These esti mates are in line with the results of thermal modeling, which suggests that thermally driven circulation of seawater in basalts may continue for as long as 15 Ma (e.g., Sleep, 1975) . The age information in the cited studies is contained in Rb-Sr and, to a lesser extent, K-Ar systematics of celadonites which, as dis cussed above, are generally late, low-temperature alteration prod ucts. These ages are thought to be closure ages, reflecting either the time at which the hydrothermal system cooled below some blocking temperature or the timing of inhibition of fluid flow due to filling of pore space (Staudigel et al., 1981a; Hart and Staudigel, 1986) .
The primary textures and mineralogy of Site 642 upper series basalts are similar to those recovered at DSDP Sites 342 (Wring Plateau) and 553 (Rockall Plateau; Fig. 1 ), and so are the sec ondary mineral assembalges. Desprairies et al. (1984) described the alteration mineralogy of basalts from Hole 553A. They found Fe-rich, K-poor beidellites, Fe oxyhydroxides, and hema tite in reddened flow tops, features that they associate with subaerial alteration processes. Outside of reddened flow tops (and superimposed on subaerial alteration in the reddened flow tops), alteration is dominated by a smectite + celadonite (± calcite ± native Cu) association, similar to that observed in Hole 642E ba salts, which is thought to have formed at temperatures of < 100°C.
The lower approximately 50 m of the upper series tholeiites in Hole 642E have been subjected to a late alteration event that resulted in partial bleaching and orange staining due to ankerite precipitation around vesicular zones and fractures (Fig. 2) . The ankerite event seems to postdate the main alteration events that affected both upper and lower volcanic series rocks. Pre-ankerite alteration in lower volcanic series dacites (Parson et al., this volume) is dominated by Si0 2 coatings in amygdules and veins. Portions of some lower series flows have been bleached white, and volcaniclastic units contain high-temperature zeolites (Eldholm, Thiede, Taylor, et al., 1987) . There is petrographic evidence that an earlier clay mineral alteration assemblage was altered during the silicification event that affected the lower series. Minor amounts of ankeritic carbonates are found coating secondary Si0 2 and primary feldspar phenocrysts.
METHODS
Smectites, celadonites, and calcites were sampled from occurrences in vesicular flow tops and veins using a stainless steel dental tool. The samples were then washed in ultraclean water in an ultrasonic bath, to disaggregate the clays and remove surface contamination. Hart and Staudigel (1986) report a procedure in which unleached smectites and celadonites are analyzed along with celadonites leached for various times in ammonium acetate (AmAc), which insures a range in Rb/Sr. However, scanning electron microscope (SEM) studies of al teration in Hole 642E tholeiites showed that celadonite is invariably finely intermixed with calcite ( Fig. 3) , and that some occurrences of smectite also contain submicroscopic calcite. As the calcite may impart an artificially low Rb/Sr to the analysis, and may introduce a bias in 87 Sr/ 86 Sr if the calcite was formed later than the clays, we subjected all celadonites to a short (about 1/2 hr), room temperature, IN acetic acid (HOAc) leach. When enough material remained after the HOAc leach, the sample was split after drying, with one half (10-20 mg) subjected to no further leaching and the other subjected to leaching for 4 hr at room temperature in ultraclean IN AmAc before further processing.
Previous workers have not generally subjected smectites to sequen tial leaching experiments. However, most evidence from DSDP as well as Site 642 basalts indicates that celadonite (± calcite) is a late assem blage that may result in part from the interaction of smectites formed at higher temperatures and cool seawater. If such is the case, surviving smectites might be expected to show some effects of progressive reac tion, effects which might be detectable in changes in characteristic 87 Sr/ 86 Sr residing in different cation sites. In addition, calcite was occassionally observed to be intimately mixed with smectite under the SEM. To test for the effects of progressive reaction in smectites and to ensure that the effects of intermixed calcite could be constrained, we analyzed unleached smectites as well as smectites that were subjected to HOAc and AmAc leach steps, as described for celadonite above.
Calcite separates were hand-picked for purity, washed in ultraclean water in an ultrasonic bath, dried, spiked, and dissolved in sub-boiling point distilled 2.5 N HC1, and loaded directly onto ion exchange col umns.
Leached whole-rocks were subjected to catastrophic leaching, con sisting of ultrasonic removal of fines, and multiple cold and hot 6N HC1 immersions during which the leachate was decanted and acid changed often to prevent oversaturation and precipitation of chlorides.
Blanks for the smectite, celadonite, and whole-rock procedures were typically 0.15 ng Sr, 0.05 ng Rb, and 1.5 ng K. Blanks were lower for the calcite procedure. None of the blanks are significant for these data.
Isochron ages were calculated according to the method of York (1969) . Errors are reported as 2 a.
References to individual flow (F) and dike (D) units within the Hole 642E volcanic series follow the terminology described in the core logs and in Table 6 and Figure 14 of Shipboard Scientific Party (1987) .
RESULTS

Upper Volcanic Series Whole Rocks
Vigorously leached whole rocks from two upper volcanic se ries flows and a dike near the top of the section have 87 Sr/ 86 Sr that range from 0.7033 to 0.7038 (Table 1 ; Fig. 4 ). These values are high relative to present-day N-type MORB, which generally have 87 Sr/ 86 Sr < 0.703, but are within the range of modern val ues found in other chemical classifications of MORB. Mea sured and age-corrected 87 Sr/ 86 Sr in all but one of the unleached samples have values similar to those in leached fractions. The unleached sample with high 87 Sr/ 86 Sr (104-642E-25R-3, 137-139 cm) was taken from the vesicular and reddened top of a flow, and the high Rb and K concentrations of the sample indicate a relatively high degree of alteration. The absence of a significant component of seawater Sr in massive flow centers is consistent with the low water/rock ratios expected in zones of low effective permeability. Significant alteration effects were apparently con fined to zones of higher effective permeability, such as the up per and lower vesicular zones of flows.
The two texturally distinct upper series flow types (fine-and medium-grained) each has a consistent morphology-depth-in flow profile (described in Shipboard Scientific Party, 1987) , that allows the qualitative use of a parameter that indicates the rela tive position of an analyzed sample in a flow. Comparison of such a parameter, called /3 in Table 1 with 
Lower Volcanic Series Whole Rocks
The lower series consists of volcaniclastic layers and dacitic flows intruded by dikes (D4-D7) with upper, lower, and mixed upper and lower series geochemical affinities (Parson et al., Taylor and Morton, both this volume). Three samples analyzed from the lower series (Table 1 ) define a line with a slope corre sponding to an isochron age of 57.8 ±1.0 Ma and an initial 87 Sr/ 86 Sr of 0.71107 ± 0.00003 ( Fig. 5 ).
Effects of alteration are difficult to assess in lower volcanic series rocks because of the crustal signatures of lower series rocks and the mixed upper and lower series signatures of some of the units (see Parson et al., Taylor and Morton, both this vol ume) . The effects of mixing are evident, for example, in the 87 Sr/ 86 Sr of the two analyses of dikes reported here (Table 1 , Fig. 5 ). Both D7 and D5 contain a mixed upper and lower series Sr isotope signature. Comparison of analyses of hand-picked glass and bulk material from Unit F107, however, does provide an indication of seawater/rock interaction and consequent al teration. Unlike the usual case for sea floor tholeiites, addition of Sr from seawater to F107 lowered the 87 Sr/ 86 Sr of the altered rock ( Fig. 5 ), because the pristine rock had 87 Sr/ 86 Sr substan tially higher than the value in seawater. 
Carbonates
Seawater during the early Eocene and Paleocene had rela tively uniform 87 Sr/ 86 Sr values of 0.7076-0.7077 (Burke et al., 1982) . Calcites deposited in upper series amygdules have 87 Sr/ 86 Sr that range from 0.70680 to 0.70776 (Table 2 ; Fig. 6 ). The higher values are indistinguishable from Eocene-Paleocene seawater. The lower values indicate that some component of Sr was ultimately derived from the enclosing basalts. However, as dis cussed below, we believe that the immediate source of the basal tic component of Sr in the calcites may have been the preexisting smectites.
The high 87 Sr/ 86 Sr of ankerite from the lower volcanic series is subject to several interpretations. It could reflect Sr derived only from lower series lithologies, or a mixture of lower series and seawater Sr. It seems unlikely, however, that the ankerite contains much of a component of Sr derived from overlying or (hypothetical) underlying tholeiitic rocks.
Smectites
Strontium concentrations in unleached and HOAc-leached smectites from Hole 642E tholeiites fall within a restricted range (30 to 57 ppm; Table 3 ) and are similar to concentrations re ported in unleached smectites from DSDP Hole 418A (42 to 59 ppm) by Staudigel et al. (1981a) . Smectites in basalts from other drill holes generally seem to have Sr <30 ppm (e.g., 417A, Staudigel et al., 1981a; 462A, Hart and Staudigel, 1986) . Com parison of unleached-HOAc-leached pairs (Fig. 7) indicates that the mild leaching procedure generally removed 8 to 18% of the Sr. In one case (Sample 104-642E-50R-1, 10-12 cm) the HOAcleached fraction has a higher Sr content than the unleached fraction, indicating a low concentration of Sr in the leached sites.
Rubidium concentrations in all but one unleached and in all HOAc-leached smectites are generally lower (range: 0.14-0.47 ppm) than any reported in previous studies. Site 418 smectites, for instance, have Rb concentrations that range from 0.5 to 109 ppm (Staudigel et al., 1981a) and Hole 462A smectites contain from 0.7 to 5.4 ppm Rb (Hart and Staudigel, 1986) . Potassium and Cs concentrations are also substantially lower in Site 642 smectites than in smectites from other localities. Hart and Staudi gel (1982) reported average K concentrations of basalt-hosted smectites/palagonites to be 7955 ppm. The highest K concentra tion found in an unleached Site 642 smectite is 2650 ppm, and the average is 1000 ppm. Similarly, Hart and Staudigel found an average Cs concentration in smectites from the upper 600 m of ocean crust to be 0.387 ppm; at Site 642 the highest Cs concen tration in smectite is 0.09 ppm and the average is 0.03 ppm. In fact, Site 642 smectites average K, Rb, and Cs concentrations are lower than the values used by Hart and Staudigel (1982) to represent average alkali element concentration in unaltered ba salts.
In three of the four unleached-HOAc-leached smectite pairs, Rb and Sr concentrations ( Fig. 7) and Rb/Sr ratios were de creased by the mild leaching step. Rubidium, however, was af fected to a greater extent than Sr, as indicated by decreases of up to 60% in 87 Rb/ 86 Sr (Table 3 ). This result indicates that the sites or phases attacked by the HOAc leach was rich in Rb relative to Sr, and thus, presumably, in K relative to Ca. The leached mate rial could not, therefore, have been predominantly intermixed calcite, which is consistent with the absence of significant fizzing during the HOAc leach of smectites. 87 Rb/ 86 Sr in all analyzed fractions of smectite was low (0.008 to 0.05); within the range, in fact, of unaltered MORB. 87 Sr/ 86 Sr ratios have therefore been little affected by radiogenic growth, and may be discussed without age correction.
The HOAc-leached fractions have higher 87 Sr/ 86 Sr than the unleached fractions. As all of the smectite fractions have low 87 Rb/ 86 Sr, the differences cannot be accounted for by radiogenic growth of 87 Sr/ 86 Sr. Instead, the data indicate that Sr in the var ious sites within the smectites has not achieved isotopic equilib rium. The variation in 87 Sr/ 86 Sr suggests that smectite forma tion at Site 642 occurred over an interval of time during which water/rock varied greatly. Based on the consistently low Rb concentrations, however, water/rock in Site 642 tholeiites prob ably never achieved values as high as those that have been re ported during early alteration of MORB at subaqueous ridges.
The lower 87 Sr/ 86 Sr in the most readily leachable sites cannot be recording interaction with later, unexchanged seawater be cause 87 Sr/ 86 Sr in seawater has generally increased throughout the Tertiary (Burke et al., 1982; DePaolo, 1986) . Instead, the lower 87 Sr/ 86 Sr in unleached smectites suggests that the most readily teachable sites in the smectites record exchange with flu ids that had extensive contact with basalt in a rock-dominated environment.
Mass balance calculations for samples from 104-642E-50R-1, 76-78 cm and 104-642E-77R-2, 107-109 cm indicate that 87 Sr/ 86 Sr in the sites leached by HOAc must have been 0.703-0.704, within the range of Hole 642E tholeiite values (Table 1; Taylor and Morton, this volume). Calculations for Sample 104-642E-60R-2, 21-23 cm give an unrealistically low value of 0.699 for 87 Sr/ 86 Sr in the leached sites, which suggests an analytical (e.g., unhomogeneous splits) problem.
The successive AmAc procedure was attempted on two sam ples of smectite, following the same procedure as that used for celadonite. The AmAc leaches removed about 70 to 80% of the .97 a All sample numbers have the prefix " 104-642E" and all cores are of type "R". A complete sample number will therefore read, for example" 104-642E-9R-1, 135-137 cm". D mbsf = meters below sea floor. c Units are individual flows (F) and dikes (D), as defined in Eldholm, Thiede, Taylor, et al. (1987) . d WR = whole-rock; L = leached; U = unleached; Glass = hand-picked glass. e Corrected to 55 Ma using measured 87 Rb/ 86 Sr and X = 1.42 X 10 _11 . * 6 is a measure of the position of the analyzed sample in the flow, calculated as depth below flow top divided by total flow thickness. * Leaching of whole-rocks produces incongruent dissolution of Rb-and Sr-bearing phases. Thus, although the residue consists mostly of plagioclase, 8 'Rb/°"Sr values may in part reflect me incongruent behavior. They are used only to provide a rough estimate for age correction. f Lower Series samples that define an isochron age of 57.8 ±1.0 Ma.
Sr present in unleached and HOAc-leached splits. Rubidium concentrations were not as significantly affected. In one in stance (Sample 104-642E-77-2, 107-109 cm) the additional leach ing resulted in 87 Sr/ 86 Sr indistinguishable from 87 Sr/ 86 Sr in the portion of the smectite subjected only to HOAc leaching. In the other case (Sample 104-642E-60R-2, 21-23 cm), however, the Am Ac leach removed a component of more seawaterlike Sr, re sulting in a lower 87 Sr/ 86 Sr, approximately 0.7055. This is not as low a value as those calculated to have been present in the most readily leachable sites, but is lower than most values that have been reported from basalt-hosted smectites.
Celadonites
Celadonites in vesicles and veins in upper series basalts formed after smectite mineralization, and may have in part formed at the expense of smectite. The celadonites range in color from vivid turquoise to a dull greenish blue. All celadonites viewed under the SEM were intimately mixed with calcite at the submicroscopic level, making hand-picking an ineffective purification method. Acid leaching experiments on glauconite, which is struc turally and chemically similar to celadonite, have met with mixed success, although mild acid leaching has generally been found to lower common Sr concentrations (through removal of intergrown carbonate or phosphate) and to increase age precision (e.g., Morton and Long, 1980) . Treatment of glauconites (e.g., Morton and Long, 1980) and celadonites (e.g., Hart and Staudigel, 1986 ) with AmAc has also been found to lower concentra tions of common Sr, presumably through removal of Sr in the most readily exchangeable sites.
Three samples of celadonite from upper series vesicle fillings were analyzed. All three were subjected to HOAc leaching to re- (Table 3) . The low Sr concentrations and high 87 Rb/ 86 Sr of the ana lyzed fractions indicate that calcite was effectively removed by the mild HOAc leach. As has been observed in other glauconites and celadonites, the AmAc leach step had the effect of increas ing 87 Rb/ 86 Sr and 87 Sr/ 86 Sr of the residue.
AGE RELATIONS
The volcanic rocks drilled at Site 642 were formed during the time of magnetic anomaly 24, which has been estimated to have occurred between 53 and 56 Ma (e.g., Talwani and Eldholm, 1977; Talwani et al., 1981) and is the oldest seafloor-spreading magnetic anomaly identified in the Norwegian-Greenland Sea (e.g., Hinz et al., 1987) . Vriring Plateau basalts recovered from within anomaly 24 at Sites 338 and 342 (DSDP Leg 38) were found to have K-Ar ages of 44 to 46 Ma (Kharin et al., 1976) . The young K-Ar ages may be due to argon loss, a common problem in seafloor tholeiites (Seidemann, 1977) . Macintyre and Hamilton (1984) reported K-Ar whole-rock ages for leastaltered basalts from Site 553 (Rockall Plateau), two of which closely match the estimated age of North Atlantic volcanism: 54.5 ± 2.0 and 52.3 ± 1.7 Ma. The remaining five ages re ported by Macintyre and Hamilton (1984) are older (66 to 397 Ma), suggesting the presence of excess Ar. If, as seems likely, the Rockall Plateau is structurally similar to the Vriring Plateau, the excess Ar may have been derived from underlying continental material.
Timing of Volcanism at Site 642
Two whole-rock and one hand-picked glass samples from Hole 642E lower series dacites define a line with a slope that corresponds to an isochron age of 57.8 ±1.0 Ma and an initial 87 Sr/ 86 Sr = 0.71107 ± 0.00003 (Fig. 4) . This is essentially a two-point isochron age because F107 (glass) and F116 (WR) are isotopically similar. Two-point isochrons are always of question able significance, but the approximately 58-Ma age indicated here is in reasonable agreement with the timing of events related to the opening of the Norwegian-Greenland Sea, and the high initial 87 Sr/ 86 Sr is consistent with other isotopic results from the lower volcanic series (Table 1) . Taylor and Morton (this volume) report a Rb-Sr isochron age of 63 ± 19 Ma (initial 87 Sr/ 86 Sr = 0.7116 ± 0.0004) for lower series volcanic rocks.
Celadonite from Unit F4, near the top of the tholeiitic upper volcanic series, gives a model Rb-Sr age of 54.5 ± 0.2 Ma (Fig.  8 ). 87 Sr/ 86 Sr of Paleocene-Eocene seawater (0.7077 ± 0.0001) was used in the model age calculation. Because the 87 Rb/ 86 Sr of this celadonite is so high (Table 3) , the assumed initial ratio could vary significantly without significant effect on the model age. The 54.5 ± 0.2-Ma age is associated with a late alteration product, and therefore may provide a lower age limit on the for mation of the upper volcanic series. This model age is some- what lower than the Rb-Sr age indicated for the lower series (57.8 ± 1.0) and is indistinguishable from the generally ac cepted approximately 5 5-Ma timing of North Atlantic volcan-
Timing of Alteration
Celadonites in basalts are generally thought to be the prod uct of seawater-rock interaction at relatively low temperatures (less than or equal 25°C), oxidative conditions, and high K availability (Stakes and Scheidegger, 1981; Stakes and O'Neil, 1982) . Like some of the celadonites in Nazca plate basalts stud ied by these authors, Site 642 celadonites appear to have formed after, and partially at the expense of, the main stage of smectite mineralization. The intergrown texture of celadonite and calcite (Fig. 3) indicates that these minerals are, at least in part, cogenetic. We may thus describe seawater-basalt interactions as having occurred in two broad stages:
1. smectite formation under conditions of variable, but gen erally low, water/rock; and 2. celadonite + calcite formation.
The 54.5 ± 0.2 Ma model age of celadonite from Unit F4 may provide an upper limit on the beginning of Stage 2 altera tion. If so, then smectite mineralization must have been sub stantially completed shortly after the eruption and cooling of the basalts, within 1 Ma or less. The preservation of such an early age in F4 celadonite suggests that the effects of ongoing, low temperature circulation of seawater were limited near the top of the tholeiitic lava pile and that alteration effectively ceased shortly after the Vdring Plateau foundered. A possible explanation for this anomalously early cessation of alteration may be that the soils that had formed in the flows immediately above F4 became saturated with seawater, expanded, and formed a water-tight seal at the top of the section. Formation of such an impermeable barrier could then have effectively prevented fur ther circulation of seawater in directly underlying units.
The three analyzed fractions of celadonite from F17 and F18 define a line on a 87 Sr/ 86 Sr vs. 87 Rb/ 86 Sr plot (Fig. 8) that has a slope corresponding to an isochron age of 24.3 ± 0.4 Ma and indicates an initial 87 Sr/ 86 Sr = 0.7087 ± 0.0008. This young age, about 30 m.y. younger than the model age of celadonite from the top of the section, is subject to several interpretations. It could be the result of ongoing exchange reactions, and thus be a mixing line with the apparent 24.3 ± 0.4 Ma age, in fact having no age significance beyond suggesting a minimum age for the cessation of celadonite formation. This interpretation is consistent with what is known about the ongoing nature of sea water circulation in oceanic basalts.
Alternatively, the 24.3 ± 0.4-Ma isochron could be dating some real event that promoted seawater circulation through Site 642 basalts about 30 m.y. after foundering. We can envisage a scenario that would allow this interpretation to be correct.
1. The impermeable barrier that may have formed from the water-saturated soils at the top of the volcanic sequence was lat erally continuous and inhibited seawater circulation through most of the volcanic pile from about 54 to about 24 Ma, thus preventing early celadonite mineralization.
2. During the early Miocene to late Oligocene erosional event that affected the Norwegian-Greenland Sea (see Eldholm, Thiede, Taylor, et al., 1987) , the barrier was breached and seawater gained entry to the (underpressured?) basaltic sequence.
3. Because no source of heat was available to drive pro longed circulation, reactions were of limited extent.
In this scenario, the 24.3 ± 0.4-Ma Rb-Sr isochron age would reflect the timing of the erosional event, which may have been contemporaneous with the late Oligocene sea-level low proposed by Vail and coworkers (Vail et al., 1977; Vail and Hardenbol, 1979) .
Although we cannot discriminate between the mixing line and isochron interpretations with the currently available data, the scenario outlining the case for the isochron alternative has several features that are consistent with alteration at Site 642.
1. Celadonite mineralization is of limited extent, occurring in fewer than 10% of the flows. If low-temperature circulation of seawater occurred for a great length of time, late-alteration reactions might be expected to have been more ubiquitous.
2. The great majority of vesicles within the tholeiitic section are only lined or partially filled with alteration products of any sort. If circulation of seawater had occurred continuously for long periods of time, precipitation of secondary minerals might have been more extensive. Sr in Paleocene-Eocene seawater (0.7076-0.7077; Burke et al., 1982) . The apparent mixing trend in calcites must be related to water /rock. Calcites formed at lower water/rock have lower Sr and a larger fraction that was ultimately derived from basalt. Tholeiitic basalts cannot be fit to the simple two-component mixing trend directly, but smectite con taining about 30 ppm Sr and 87 Sr/ 86 Sr = 0.7066 are consistent with the calcite mixing trend. Thus we believe that the calcite data support the conclusion that most of the late alteration involved reactions between seawater and preexisting smectites.
3. Finally, the scenario outlined above for producing a 24.3 ± 0.4-Ma age in the three celadonite fractions is consistent with geologic events that have affected the Norwegian-Greenland Sea.
GEOCHEMISTRY OF LOW-TEMPERATURE ALTERATION
Hydrothermal fluids venting at ridge crests allow direct in vestigation of fluid endproducts of high-temperature seawaterocean crust interaction (e.g., Edmond et al., 1979; Von Damm et al., 1985a, b) . Pore-water studies allow direct investigation of fluids involved in low-temperature processes (e.g., Lawrence et al., 1975; Lawrence and Gieskes, 1981) . Direct studies of the rock side of the equation have been numerous, but the results are not as straightforward as those of studies of fluids because alteration products in the rocks generally reflect the continuum of high-to-low temperature effects present in most oceanic ba salts.
The alteration history of tholeiites at Site 642 must have been quite different from that of typical MORB. During subaerial eruption and (closed system) sub-solidus cooling, alteration would primarily be manifest in mineralogic changes, oxidation states, and loss of volatile constituents, which would have little effect on the alkali element concentrations and 87 Sr/ 86 Sr discussed here.
Weathering in an intertidal environment (Shipboard Scien tific Party, 1987) would produce subaerial alteration products and expose the recently erupted tholeiites to seawater in some limited fashion, but would not be expected to result in the sus tained high water/rock and high-temperature fluid circulation typical of subaqueous ridge crest volcanism. The effects of low seawater/rock is evident at Site 642 in (a) the K, Rb, and Cs concentrations of the smectite population relative to concentra tions observed in smectites in subaqueously erupted and altered Sr. The diversity in 87 Sr/ 86 Sr within the smectites suggests exposure to Sr-bearing fluids at highly variable water/rock. The preservation of isotopic disequilibrium, which can not be due to radioactive decay, indi cates that ongoing exchange reactions were of limited extent. B. Rubi dium concentrations were significantiy lowered by the HOAc leach step. The AmAc leaching had much less of an effect on Rb. basalts, and (b) the small effects of alteration on the alkali ele ment concentrations and 87 Sr/ 86 Sr of the basalts themselves.
Early low seawater/rock conditions could also be the reason for the low 87 Sr/ 86 Sr in the AmAc-leached fraction of smectite from Sample 104-642E-60R-2, 21-23 cm. If the Sr removed by the HOAc leach resides in sites in smectites that most readily ex change with seawater, then the low 87 Sr/ 86 Sr (0.703-0.704) cal culated to have been removed by mild acid leaching cannot be recording the earliest period of low seawater/rock, but must be reflecting a later episode of low water/rock that postdated the seawater-dominated system recorded in Sr isotope compositions of HOAc-leached fractions. 642E-21R-3, 128-131 cm". " "Unlchd" refers to unleached mineral in text.
104-642E" and all cores are of type "R". A complete sample number witll therefore read, for example," 104separates. "HOAc" and "AmAc" refer to acetic acid and ammonium acetate leaching, respectively, as described
After the foundering of the Vdring Plateau, more sustained high seawater/rock would have been possible. The laterally con tinuous structure of flood basalt cooling units, along with the absence of deformation of the basalts, would, however, tend to restrict fluid flow to vesicular zones and fractures. If fluid flow was restricted in this manner, reactions involving cold seawater would have mainly occurred in vesicles and fractures that were partially to completely filled with preexisting smectite. The reac tions that occurred during low temperature alteration, there fore, may have been due primarily to seawater-smectite interac tions, without significant participation of the basalts.
From this point of view, the calcite data are most revealing. The correlation between 87 Sr/ 86 Sr and 1/Sr (Fig. 6) 
2(0.5 Ca ++ ) + C0 2 + H 2 0 = CaC0 3 + 2H + The C0 2 of reaction (2) could be in the form of the carbonate or the bicarbonate ion, in the general case. The reaction as writ ten, however, would result in an excess of H + , which would fa cilitate a third reaction, something similar to which must have occurred in the subaerially oxidized basalts at Site 642 to ac count for the native Cu associated with the celadonite + calcite assemblage (LeHuray, this volume):
and/or (3a) 2(0.5 CuO) + 2H + = Cu° + H 2 0 (3b) Cu 2 0 + 2H+ = 2Cu° + H 2 0.
If the scenario that late low-temperature alteration primarily involved preexisting secondary minerals and seawater is correct, then reactions must have proceeded under conditions ranging from very low to high water/rock. Low water/rock is indicated Celadonites from F17 and F18 (filled diamonds) de fine an isochron with an age of 24.3 ± 0.4 Ma (initial 87 Sr/ 86 Sr = 0.7087 ± 0.0008). The older age is thought to reflect the timing of foun dering of the Vdring Plateau. The younger age may represent a mixing line generated during prolonged low-temperature alteration or reflect a real event. One explanation that allows the latter interpretation of the young celadonite age could be that the soils at the top of the basaltic section formed an impermeable seal, preventing seawater from circulat ing through the basalts. The seal may have been breached during the late Oligocene, allowing seawater circulation and low-temperature for mation of celadonites.
by the smectitelike Sr concentrations and 87 Sr/ 86 Sr of calcite from F105. High water/rock must have obtained in F17 to pro duce 87 Sr/ 86 Sr in calcite that is indistinguishable from that of seawater, and to produce calcite containing over 5000 ppm Sr (Table 2) .
Without more complete information on the compositions of the smecites and celadonites involved and better thermodynamic data for clay minerals, evaluation of the reactions can only be qualitative. We can say, however, that the reaction is not isochemical, as has been suggested for smectite -celadonite trans formations in other basalts (e.g., Stakes and Scheidegger, 1981) , but involves net gains of K and C0 2 in the basalts. As celadon ite is generally highly enriched in Fe relative to most smectites in seafloor basalts, another result may be a shift of smectites to more Mg-rich compositions. We cannot determine from the data presented here the extent of Fe-Mg exchange reactions, nor the degree to which they may be isochemical.
The smectites at Site 642 are not typical of smectites found in most altered seafloor basalts, particularly in their lower alkali element concentrations and probably in their higher Fe/Mg. The differences in K concentrations, however, are not as great as those between smectites in general and celadonite. We believe that it is reasonable to infer from the data presented here and from the gross similarity of Site 642 alteration events to those reported in subaqueously erupted basalts that the reaction smec tite + seawater ♦■+ celadonite + calcite reflects net addition of K and C0 2 to ocean crust during late, low-temperature circula tion of seawater. This work was supported by NSF-USSAC grant TAMRF76252. ESJ also acknowledges a Columbia University Dept. of Geological Sciences (L-DGO) Summer Internship.
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